We study the validity of the inspiral templates in gravitational wave data analysis for nonspinning binary black holes with Advanced LIGO sensitivity. We use the phenomenological waveform model, which contains the inspiral-merger-ring down (IMR) phases defined in the Fourier domain. For parameter estimation purposes, we calculate the statistical errors assuming the IMR signals and IMR templates for the binaries with total masses M ≤ 30M . Especially, we explore the systematic biases caused by a mismatch between the IMR signal model (IMR) and inspiral template model (Imerg), and investigate the impact on the parameter estimation accuracy by comparing the biases with the statistical errors. For detection purposes, we calculate the fitting factors of the inspiral templates with respect to the IMR signals. We find that the valid criteria for Imerg templates are obtained by Mcrit ∼ 24M (if M < Mcrit, the fitting factor is higher than 0.97) for detection and M < 26M (where the systematic bias is smaller than the statistical error for a signal to noise ratio of 20) for parameter estimation. We also assume the early-inspiral template model (Iisco) which only contains the inspiral phase until the innermost stable circular orbit. We find that the valid criteria for Iisco templates are obtained by Mcrit ∼ 15M and M < 17M for detection and parameter estimation, respectively. Finally, we discuss the accuracy of the analytic Fisher matrix method for the phenomenological waveform model.
I. INTRODUCTION
The next generation gravitational wave detectors, such as Advanced LIGO [1] and Virgo, [2] are likely to allow us to observe the real signals in coming years. Coalescing binary black holes (BBHs) are among the most promising sources of gravitational wave transients for the ground-based detectors. Astrophysical black holes (BHs) are classified into three groups: stellar mass BHs with binary masses 3 − 30M , intermediate BHs with 30−10 4 M and supermassive BHs with ∼ 10 4 − 10 10 M . The coalescing BBH system suffers three phases: inspiral, merger and ringdown (IMR). In the inspiral phase, the two compact objects move in quasicircular orbit mutually approaching driven by radiation reaction. In the merger and ring down (MR) phases, the system reaches the ultra-relativistic regime, the two bodies merge to form a single excited Kerr BH and eventually that settles down into a Kerr BH. While the gravitational waveforms from the early inspiral phase can be accurately obtained by post-Newtonian (PN) approximation, in the ultra-relativistic regime the accurate waveforms can be calculated by the numerical relativity (NR) method. Although from the NR simulations one can extract the complete IMR waveforms, a large computational cost restricts the durations of the NR waveforms to the last few orbits. Therefore, the PN inspiral waveforms have been generally used in the ground-based gravitational wave data analysis. Especially, the stationary-phase approximated PN waveform model (called "TaylorF2"), has been mainly used because the waveform can be given by an analytic function in the Fourier domain. In this model, conventionally the inspiral wave function is set to end when the binary reaches the innermost stable circular orbit. On the other hand, efforts to establish the Fourier domain IMR waveform models for nonspinning BBH systems have been made by several authors [3] [4] [5] [6] by means of the hybrid IMR waveforms, which are obtained by combining the PN inspiral waveforms [7, 8] and the numerical MR waveforms [9] [10] [11] [12] [13] [14] . Further studies now allow us to have the Fourier domain spinning IMR waveform models for the aligned-spin [15, 16] and precessing [17] BBH systems.
For low mass compact binary systems, whose components consist of a stellar mass BH and/or a neutron star, the inspiral phase is likely to have most of the signal power and almost accurate inspiral waveforms can be computed by the PN approximants. Conventionally, thus, only the inspiral waveforms have been taken into account in the ground-based gravitational wave data analysis [18] . However, if the contribution of the MR phases becomes nonnegligible, using the complete IMR templates in searches can increase the signal to noise ratio (SNR), thus increase the event rate. The increase in SNR also implies the improvement in the parameter estimation. As the binary mass increases, the contribution level of MR phases to the SNR increases. For detection purposes, thus, one has to choose a critical value of the binary mass (M crit ). For the binaries with masses M < M crit , the simple inspiral-only templates can be used in spite of a small loss of the SNR, while for the binaries with M > M crit the complete IMR templates should be used without the SNR loss. Buonanno et al. [19] and Brown et al. [20] showed that M crit ∼ 12M for various PN inspiral template models with the IMR signals computed by the effective-one-body model calibrated to NR simulations. Ajith [5] also showed that M crit ∼ 15M for 3.5PN TaylorT1 inspiral templates with the Fourier domain IMR signals.
In parameter estimation, the inspiral templates can change the statistical errors. Ajith and Bose [21] showed that the parameter estimation accuracies of the IMR waveforms are significantly better than those of the inspiral waveforms in the case of binaries with total mass M ≥ 20M . Since they applied the Fisher matrix (FM) formalism to the IMR model and PN inspiral model, respectively, they only explored the statistical errors. On the other hand, the inspiral templates can also cause the systematic biases due to a mismatch between the signal and template models. In this work, we assume the IMR signals, and the IMR and inspiral templates to determine both the statistical errors and systematic biases. Especially, we use a simple Fourier domain IMR model and focus on the parameter estimation purposes. The aim of this work is to provide various quantities crucial for parameter estimation and detection for the nonspinning low mass BBH systems in detail, and to investigate the valid criteria of binary masses for the inspiral templates.
In Sec. II, we briefly review the phenomenological IMR waveform model, and describe how to calculate the statistical errors in parameter estimation directly from the overlap surfaces. Then, in Sec. III, using the IMR signal and IMR template models, we investigate the statistical errors for the low mass BBH systems with the Advanced LIGO detector sensitivity [22, 23] and a SNR of 20. Next, we explore the biases of the recovered mass parameters for the inspiral templates with respect to the IMR signals, and show a valid criteria of binary masses for the inspiral templates, giving a discussion about a dependence on the SNR. By comparing the the statistical errors with those predicted by the FM, we also study an accuracy of the analytic FM method for the phenomenological waveform model. We summarise our results and present a relevant discussion in Sec. IV.
II. PHENOMENOLOGICAL WAVEFORMS AND PARAMETER ESTIMATION

A. Phenomenological Waveforms
Making use of the NR simulations, Ajith et al. [4] proposed a phenomenological waveform model analytically defined in the Fourier domain for nonspinning BBH systems of the form 1 ,h
The effective amplitude is expressed as
where A is the wave amplitude factor whose value depends on the binary masses and five extrinsic parameters determining the sky location and the binary orientation. The effective phase is expressed as
1 This model is labeled as "PhenomA" in the LSC Algorithm Library [23] . where t c and φ c are the coalescence time and phase, η ≡ m 1 m 2 /M 2 is the symmetric mass ratio. In Eq. (2),
is a Lorentzian function that has a widthσ, and that is centered around the frequency f ring . The normalization constant, w ≡ , is chosen so as to make A eff (f ) continuous across the "transition" frequency f ring . The parameter f merg is the frequency at which the power-law changes from f −7/6 to f −2/3 . The phenomenological parameters f merg , f ring ,σ and f cut are given in terms of M and η as
The coefficients a j , b j , c j , j = 0...3 and x k , y k , z k , k = 0, 2, 3, 4, 6, 7 are tabulated in Table I of [5] . Figure 1 illustrates the Fourier domain amplitude spectrum and the phenomenological frequency parameters for a binary with masses of (10, 10)M . In the past studies, the frequency cutoff of the inspiral waveforms has been generally chosen to be the frequency at the innermost stable circular orbit (isco):
As in Fig. 1 , this frequency (f isco ) is smaller than the phenomenological frequency parameter f merg . In the low mass region, the ratios f isco /f merg are about 0.54 − 0.64 depending on the symmetric mass ratio. Thus, for the inspiral-only templates, choosing a higher frequency cutoff than f isco is more efficient to get a better overlap between a template and a IMR signal. Pan et al. [6] proposed the effective ring down frequency (f ERD ) as the cutoff frequency. Taking the detector noise spectrum into account, Boyle et al. [24] also suggested setting the cutoff frequency to a SNR-weighted average of f isco and f ERD . They found that such frequency cutoffs are more appropriate than f ERD at the low mass region, especially. Considering different cutoff frequencies, in this work, we define the inspiral-merger-ring down waveform model (IMR), the inspiral waveform model (I merg ) and the earlyinspiral waveform model (I isco ) by
where f low is the low frequency cutoff of the waveforms.
B. Parameter estimation: overlap and confidence interval
The standard inner product (overlap) between a signal (h s ) and a template (h t ) is expressed by
where S n (f ) is a detector noise power spectrum. We adopt the Advanced LIGO sensitivity [22, 23] ,
where x = f /f 0 with f 0 = 215 Hz and the low frequency cutoff is chosen to be 10 Hz.
In this work, we describe a single detector analysis and use the normalized waveform,ĥ(f ) ≡h(f )/ h |h 1/2 . Then, since the phase rather than the amplitude is the main determining factor in the our calculation, we do not take into account the five extrinsic parameters in the amplitude factor A. In addition, the inverse Fourier transform will compute the overlap for all possible coalescence times at once [25] and by taking the absolute value of the complex number we can maximize the overlap over all possible coalescence phases [25] . In this maximization procedure, we apply a nearly continuous time shift by choosing a sufficiently small step size [26] . The remaining physical parameters in the wave phase are two mass parameters M and η (the phenomenological parameters are also defined by the mass parameters), we use the chirp mass M c = M η 3/5 instead of M . Finally, making use of the normalized signalĥ s (λ) and templateĥ t (λ), where λ i = {M c , η}, we calculate the two-dimensional overlap surface as In the small plot, the contour corresponds to P = 0.99876 of the two-dimensional overlap surface. We use the binary with masses of (15, 3)M , the exact values of σM c and ση for this binary are presented in Table 1 .
Basically, the above overlap formalism is applied to the context of Bayesian parameter estimation. In the high SNR limit, the likelihood (L) can be approximated by the overlap
where ρ is the SNR calculated by ρ 2 = h s |h s . From this relation, one might expect that the confidence region of the probability density function is associated with the high regions of the overlap surface P (λ). The connection between the confidence region and the overlap surface has been derived by Baird et al. [28] ,
where
is the chi-square value for which there is 1−p probability of obtaining that value or larger and the k denotes the degree of freedom, given by the number of parameters. In order to calculate the error for each parameter, we will consider one-dimensional overlap distributions (i.e., k = 1), those can be obtained by marginalizing the two-dimensional overlap surfaces. The 1-σ confidence interval with a SNR of 20 is determined by a magnitude of δλ = λ t − λ s , where the parameter value of λ t satisfies P (λ t ) 0.99876. In Fig. 2 , we describe how to calculate the confidence interval (σ) from the overlap surface P (λ). As seen in this figure, the overlap surfaces are almost exactly symmetric (and quadratic). In addition, if the parameter η is close to the upper limit of the physical boundary (0 ≤ η ≤ 0.25), the overlap surface should be cut at the boundary 0.25. Thus, we only consider the onesided overlaps (δλ ≤ 0) in our calculations of the confidence interval.
One should note that the contour of P = 0.99876 does not coincide with the two-dimensional 1-σ confidence region. In this case, k = 2 in Eq. (12) and the confidence region should be P ≥ 0.99714. Generally, the one-sided width of the two-dimensional confidence region is larger than the onedimensional confidence interval. On the other hand, the errors can be obtained directly from the original high dimensional overlap surface by means of the Effective Fisher matrix approach, in which the FM can be computed by the fitting function to the local region of the high dimensional overlap surface [26, 27] . O'Shaughnessy et al. [29, 30] showed that the measurement errors for mass parameters obtained by the Effective Fisher matrices are in good agreement with the results of Bayesian Monte Carlo simulations for nonspinning and aligned-spin binaries [29] and precessing binary [30] .
III. RESULT: STATISTICAL ERRORS AND SYSTEMATIC BIASES
In this section, we assume IMR as a complete signal model and consider IMR, I merg and I isco as template models. Comparing the results from all template models, we study the effect of the MR phases in the waveforms on detection and parameter estimation as well as the effect of the high frequency cutoff of the inspiral templates. We use the Advanced LIGO detector noise power spectrum defined in Eq. (9) and assume a moderately high SNR of 20.
A. IMR templates: statistical errors
In order to obtain (unbiased) statistical errors in parameter estimation, we first consider IMR templates and calculate the overlap surfaces for low mass BBH systems with masses of m 1 , m 2 ≥ 3M and M ≤ 30M . The percentage errors (100 × σ λ /λ) are summarised in Fig. 3 . In the top panel, the error contours are overall aligned with the constant chirp masses (red dotted lines) and slightly misaligned at the highly asymmetric mass region. The percentage errors for M c range broadly from ∼ 0.0067% to ∼ 0.22% depending on the chip mass. In the bottom panel, the trends of contours are overall similar to the case M c , but they are more misaligned to the chirp curves at the highly asymmetric mass region. The percentage errors for η almost linearly increase with the chip mass from ∼ 0.43% to ∼ 2.0%. Overall, the accuracy of parameter estimation for σ Mc /M c is roughly by 1 − 2 orders of magnitude better compared to that for σ η /η. 
B. Imerg templates: fitting factors and systematic biases
Next, we consider I merg as a template model to study the systematic biases in parameter estimation when the MR phases are removed from the templates. If the template model is not exactly the same as the signal model, the SNR is reduced to
where the fitting factor (FF) is defined by [31] FF = max tc,φc,λi
When measuring the match between two different waveform models, the FF, or equivalently the mismatch (1-FF), is widely used. The FF is the normalized overlap between a signal waveform h s and a set of template waveforms h t (t c , φ c , λ i ) maximized over t c , φ c and other parameters λ i . Thus, in this work, the FF corresponds to the maximum value in the twodimensional overlap surface P defined in Eq. (10),
In Fig. 4 , we show the FFs for the low mass BBH systems. We find that the FFs depend on the total mass overall. This is because the contribution level of the MR phases to the SNR increases as the mass of binary increases. For the binaries with M = 30M , we have 0.92 < FF < 0.96 depending on the mass ratio. For data-analysis purposes, the FF is used to evaluate the detection efficiency. The gravitational wave searches use a bank of template waveforms which covers the range of BBH component masses of interest [31] [32] [33] [34] . Typically, a template bank is set to satisfy the total mismatch between the templates and signal to not exceed 3% [18, 35] including the effect of the discreteness of the template spacing 3 . This is because a FF = 0.97 corresponds to a loss of event rates of ∼ 10% (the event rate is proportional to the cube of the SNR, thus to the cube of the FF). For I merg templates, the above condition holds for the binaries with M < 24M , thus we have M crit ∼ 24M .
If the maximum point in the overlap surface is placed at
, η biased ), the bias of the parameter λ can be obtained by,
where λ 0 is the true value of the signal. We investigate the biases for all binaries considered, the percentage biases (100× 3 In order to avoid the effect of the discreteness of the template spacing, we choose an efficiently dense spacing in (Mc-η) plane until we have smooth contours in our results. b λ /λ) are summarised in Fig. 5 . We find that the biases for M c can increase over ∼ 0.2% for the high mass binaries, and those for η can increase over ∼ 2%.
On the other hand, in parameter estimation, a more appropriate quantity can be the ratio to the statistical error. In Fig. 6 , we also present the fractional biases (b/σ) where σ is the unbiased statistical error calculated by IMR templates. As shown in Fig. 5 , the systematic biases also increase with the binary masses like the the statistical errors. However, as predicted by a simple analytic approach in [36] , the systematic bias increases more rapidly and the fractional biases tend to exceed unity if the total mass is larger than ∼ 26M . A value in the region of b/σ ≥ 1 means that the systematic bias (caused by a simplification of the template model by removing the MR phases from the complete IMR waveform) is larger than the real statistical error (calculated by using the complete IMR template model). Thus, for parameter estimation purposes, I merg cannot be faithful as the template model in the high mass region M ≥ 26M .
In the small plots in Fig. 6 , the black and red contours correspond toP = 0.99876 for IMR and I merg templates, re- spectively for the binary marked by a star in each panel. For the example binary, we choose the one whose bias is similar to the error, so b/σ 1 in each panel. Thus, one can see that the vertical (horizontal) red line nearly adjoints the back contour in the upper (lower) panel. Here,P is the weighted overlap by the fitting factor,P
so that the renormalized overlapP (P = P for IMR templates) has the maximum value 1 at the position (M biased c , η biased ), this position is marked by a dot in each contour. Thus, the confidence interval in the biased overlap surface is determined byP = 0.99876, we find that the biased red contours are comparable in size to the unbiased black ones. Although the values above the physical boundary imply complex-valued masses, the PN waveforms are well behaved for 0 < η < 1.0 [24] . One might expect that the bias contours out of the red shaded region in Figs. 5 and 6 will be smoothly extended to the red shaded region if we allow η to range over the unphysical values. For detection purposes, Boyle et al. [24] showed that allowing such unphysical values significantly improves the FFs for the binaries above 30 M . From the fact that the interval between η crit and the physical boundary 0.25 rapidly increases with the total mass in our result, we also expect that the improvement of the FFs can be significant at the high mass region. However, unphysical values are not allowed in parameter estimation, we only take into account the physical values for the parameter η.
C. Iisco template: fitting factors and systematic biases
We also take into account I isco as the template model, and calculate the FFs and biases. In this model, we only consider the binaries with masses M ≤ 24M . Comparing the results with those for I merg templates, we investigate the effect of the high frequency cutoff in the inspiral templates. The FFs for I isco templates are given in Fig. 7 . For comparison, we include the results for I merg templates. Unlike in Fig. 4 , the contours are almost exactly aligned with the constant total mass lines. This is because the frequency cutoff (f isco ) depends only on the total mass as in Eq. (6). The FFs are significantly reduced compared to the case for f merg due to a SNR loss by the late inspiral phase between f isco and f merg . For detection purposes, a valid criterion for I isco templates, where FF ≥ 0.97, is determined by M crit ∼ 15M , which is consistent with the result in [5] .
The fractional biases are summarised in Fig. 8 . The shapes of contours show a similar trend, but the magnitudes of the biases are substantially increased compared to those for I merg , resulting in the lowered η crit curve. For parameter estimation purposes, a valid criterion for I isco templates, where b / σ < 1, We use the binary with masses of (14, 6)M . Note that for the Iisco templates, the local symmetry and quadraticity are significantly broken at low SNRs.
is about M < 17M . In the small plots, we also present the overlap contoursP = 0.99876 for the binary marked by a star in each panel. We find that the biased errors for I isco templates are also comparable in size to the unbiased errors.
D. Dependence on the signal to noise ratio
In the above results, we assumed the fixed SNR of 20. The systematic biases in this work do not depend on the SNR because the bias of the overlap surface only depends on the template model for a given fiducial signal model. However, the confidence region is determined by the SNR as in Eq. (12) . For one example binary with masses of (14, 6)M , we illustrate the one-dimensional overlap distributions for the template models IMR, I merg and I isco in Fig. 9 , where we align the three overlaps to place the maximum values at the center of the horizontal axis. As described in Fig. 2 , the confidence interval is determined by the one-sided width of the overlap distribution for a given SNR. The unbiased error is determined by the black curve, and the biased errors are by the red and blue curves for I merg and I isco , respectively. As the SNR increases, the confidence interval decreases, leading to a smaller statistical error. Thus, the fractional biases in Figs. 6 and 8 can be larger (smaller) for the higher (lower) SNRs than 20.
In addition to the systematic biases, the inspiral templates can induce changes between the unbiased and biases statistical errors. One can see that a difference between the black and red curves is small for both M c and η with SNRs above 10. However, the blue curves are much different from the black ones, the local symmetry and quadraticity of the blue curves tend to be broken as the SNR decreases. We found that this behavior can be more significant for more massive binaries. For I isco templates, therefore, the biased errors can be comparable to the unbiased errors only for the sufficiently high SNRs.
E. Application to the Fisher matrix
The Fisher matrix has been generally used to predict the errors in parameter estimation. Although the limitation of the FM has been well known [37] , it is still mainly used because it is quite easy and needs very low computational cost compared to exploring the N-dimensional Bayesian posteriors. The FM for a waveformh(λ) is defined by
where λ 0 is the true value of each parameter. Since the Fourier domain waveform models can be expressed by analytic functions of the parameters, the derivatives are obtained analytically. For Gaussian noise and high SNRs, the inverse of the FM corresponds to the covariance matrix (Σ ij ) of parameter errors, and the error of each parameter is determined by
Taking the phenomenological IMR waveform model into account, we examine the accuracy of the analytic FM by comparing our results on the statistical errors to the FM predictions. We found that the errors predicted by the FM method are in very good agreement with our results within ∼ 2% dif- ferences for all binaries considered in this work 4 . In Table I , we present the results for several binary systems.
In order to investigate a validity of the inspiral waveform models in the FM approach for the low mass BBH systems, we compare the FM results for IMR to those for I isco in Fig. 10 . For the binary with (27, 3)M , the FM using I isco overestimates the errors by a factor of ∼ 1.33 for M c and ∼ 2 for η. Note that I isco includes only the early-inspiral phase until f isco . When considering the full inspiral phase, I merg , we found that the FM overestimates the errors just by a factor of ∼ 1.15 and ∼ 1.3 for the same binary.
On the other hand, Rodriguez et al. [38] performed Bayesian Monte Carlo simulations using TaylorF2 for nonspinning binary systems with total masses M ≤ 20M , they found systematic differences between the predictions from FM and Monte Carlo simulations in high mass region. From a simple analytical approach, Mandel et al. [36] explained the origin of the discrepancy, and Cho et al. [26] robustly conformed that by comparing two overlap distributions calculated by the FM formalism and Bayesian posteriors. They showed that the unphysical frequency cutoff in the inspiral waveform models can introduce artificial structures in the Bayesian posterior distribution, resulting in a sharp peak at the origin for a high mass system. However, unlike the inspiral-only waveforms considered in the above works [26, 36, 38] , the complete IMR waveforms do not induce the artificial structures in posteriors, thus the local overlap surfaces are exactly quadratic as shown in Fig. 2 (see also the black curves in Fig. 9 ). The quadratic behavior of the overlap is consistent with the FM formalism. To see this, we calculate the confidence intervals of the overlap distribution for IMR varying the SNR, and find that the errors are exactly inversely proportional to the SNR. We show the errors for a binary with (15, 3)M and a SNR of 20 comparing with the FM predictions in Fig. 11 .
IV. SUMMARY AND DISCUSSION
In this work, we briefly reviewed the phenomenological model, in which the IMR wavefoms are analytically expressed in the Fourier domain for the nonspinning BBH systems in quasicircular orbits. We described how to calculate the statistical errors in parameter estimation from the overlap surfaces. Making use of the phenomenological waveform model, we investigated the valid criteria of binary masses for the inspiral templates I merg and I isco with the Advanced LIGO detector sensitivity and a SNR of 20. We provided various crucial quantities in detail for parameter estimation as well as for detection purposes.
We first showed that the fractional errors (σ λ /λ) overall depend on the chirp mass of the system and weakly depend on the mass ratio at a highly asymmetric mass region. The percentage errors for M c and η are 0.0067% − 0.22% and 0.43% − 2.0%, respectively depending on the binary masses. Next, considering I merg templates we have shown the fitting factors and systematic biases. For detection purposes, a valid criterion for FF ≥ 0.97 is obtained as M crit ∼ 24M . The biases, caused by a mismatch of I merg template model to IMR signal model, increase with the total mass more rapidly, which exceed the statistical errors at ∼ 26M . We also investigated the FFs and biases for I isco templates. In this case the valid criterion for detection is obtained as M crit ∼ 15M and the biases exceed the errors at M ∼ 17M . Especially, we described that for I isco templates the local symmetry and quadraticity of the overlap tend to be broken as the SNR decreases, thus the biased errors can be comparable to the unbiased errors only for the sufficiently high SNRs. Finally, we have demonstrated that for the complete IMR waveform model, the analytic FM is very accurate to predict the parameter estimation errors, the errors are exactly inversely proportional to the SNR, showing the consistent property with the FM formalism.
In this work, we assumed a uniform prior of the parameters, hence obtained the posteriors directly from the overlaps using Eq. (11) . The FM also does not take into account any prior information. Consequentially, we only used the onesided overlap surface when calculating the statistical errors, and obtained the same errors as the FM predictions even for the binaries with η ∼ 0.25. In real Monte Carlo simulations, however, the parameter η of the templates is restricted by the physical boundary at η = 0.25. Thus, when the true value of η of the signal is close to 0.25, the posterior distribution can be affected by the boundary effect of the templates, resulting in reduced errors compared to the FM predictions (e.g. see Fig. 2 of [39] ).
In order to take into account the spins of the binary systems, one should explore high dimensional overlap spaces. Since the spin parameters are generally strongly correlated with the mass parameters, the biases can be much larger than those in the two-dimensional cases considered in this work. For the aligned-spin binary signals with total masses M = {20, 50, 100}M , Baird et al. [28] showed that the best-match nonspinning IMR templates can have strongly biased parameters. More comprehensive results for the spinning BBH systems can be obtained by applying the spin-aligned [15, 16] or precessing [17] IMR waveform models to our calculations.
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